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In addicts, associative memories related to the rewarding effects of drugs of abuse can evoke powerful craving and drug seeking urges, but
effective treatment to suppress these memories is not available. Detailed insight into the neural circuitry that mediates expression of
drug-associated memory is therefore of crucial importance. Substantial evidence from rodent models of addictive behavior points to the
involvement of the ventromedial prefrontal cortex (vmPFC) in conditioned drug seeking, but specific knowledge of the temporal role of
vmPFC pyramidal cells is lacking. To this end, we used an optogenetics approach to probe the involvement of vmPFC pyramidal cells in
expression of a recent and remote conditioned cocaine memory. In mice, we expressed Channelrhodopsin-2 (ChR2) or Halorhodopsin
(eNpHR3.0) in pyramidal cells of the vmPFC and studied the effect of activation or inhibition of these cells during expression of a
cocaine-contextual memory on days 1–2 (recent) and 3 weeks (remote) after conditioning. Whereas optical activation of pyramidal
cells facilitated extinction of remote memory, without affecting recent memory, inhibition of pyramidal cells acutely impaired recall of
recent cocaine memory, without affecting recall of remote memory. In addition, we found that silencing pyramidal cells blocked extinc-
tion learning at the remote memory time-point. We provide causal evidence of a critical time-dependent switch in the contribution of
vmPFC pyramidal cells to recall and extinction of cocaine-associated memory, indicating that the circuitry that controls expression of
cocaine memories reorganizes over time.
Introduction
Treatment of drug addiction is hampered by the recurrent desire
of addicts to use drugs despite negative consequences. Environ-
mental cues (e.g., locations, paraphernalia) have a pivotal role in
the initiation and maintenance of addictive behavior. During
drug intake, these cues become associated with the rewarding
effects of the drug and thereby acquire salient properties that can
vigorously trigger drug craving and drug-seeking responses
(Grant et al., 1996; Childress et al., 1999). It is therefore of crucial
importance to have a detailed understanding of the neural cir-
cuitry that controls expression of conditioned drug seeking and
to identify potential cellular subtypes that are able to suppress
expression of drug-associated memories.
Accumulating evidence from rodent models of conditioned
drug seeking points to the involvement of the ventral region of
the mPFC (vmPFC) (Peters et al., 2009; Van den Oever et al.,
2010a), comprising the ventral prelimbic cortex and infralimbic
cortex (Heidbreder and Groenewegen, 2003). Pharmacological
inactivation of vmPFC neurons attenuates expression of condi-
tioned cocaine and heroin seeking (Rogers et al., 2008; Koya et al.,
2009a), and cue-induced reinstatement of heroin seeking is asso-
ciated with acute synaptic depression of vmPFC pyramidal cells
(Van den Oever et al., 2008). Substantial evidence also implicates
the vmPFC in extinction of conditioned responding to aversive as
well as appetitive cues (Milad and Quirk, 2002; Peters et al.,
2009). Extinction is induced by non-reinforced exposure to con-
ditioned cues and is thought to result in the formation of a new
memory trace that suppresses expression of the conditioned re-
sponse. Recent findings support involvement of the vmPFC in
learning of extinction of conditioned cocaine seeking (LaLumiere
et al., 2010; LaLumiere et al., 2012), as well as retrieval of extinc-
tion memory after cocaine and heroin seeking is extinguished
(Ovari and Leri, 2008; Peters et al., 2008a). The seemingly con-
tradictive role of the vmPFC in recall and extinction stresses the
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need to define the temporal contribution of specific cellular sub-
types to the expression of conditioned drug memory. Neuronal
subtypes that reside within the rodent neocortex can approxi-
mately be divided into glutamatergic pyramidal cells and
GABAergic interneurons (Beaulieu, 1993; Somogyi et al., 1998).
Pyramidal cells account for 80% of all neurons within the ro-
dent vmPFC (Bossert et al., 2011) and, importantly, are the pri-
mary source of efferent projections to target regions (Sesack et al.,
1989). Therefore, vmPFC pyramidal cells are thought to strongly
contribute to addictive behavior, but causal evidence that their
activity controls conditioned drug seeking, as well as insight into
the temporal involvement of pyramidal cells to recall and extinc-
tion, is lacking. The use of optogenetic tools allowed us to probe
the contribution of vmPFC pyramidal cells to expression of a
recent and remote conditioned cocaine memory with high tem-
poral precision in freely moving mice. Our data demonstrate that
pyramidal cells in the vmPFC have a dynamic time-dependent
role in recall of cocaine-associated memory and the formation of
an inhibitory extinction memory.
Materials and Methods
Mice. Male transgenic C57BL/6 CaMKII::Cre mice (expressing Cre-
recombinase under control of the Ca 2/calmodulin-dependent protein
kinase II  promoter) and male wild-type C57BL/6 mice (Charles River)
aged 2–3 months at the start of experiments were individually housed on
a 12 h light/dark cycle. Food and water were available ad libitum through-
out the experiment. The animal ethical care committee of the VU Uni-
versity Amsterdam approved all experiments.
Opsin virus delivery and chronic implantation of optic fiber. Cre-inducible
adeno-associated viral (AAV) opsin constructs pAAV-DIO-ChR2(H134R)-
EYFP, pAAV-DIO-eNpHR3.0-EYFP, and pAAV-DIO-EYFP (Tsai et al.,
2009) and CaMKII promoter-driven opsin plasmids pAAV-CaMKII
::ChR2(H134R)-EYFP, pAAV-CaMKII ::eNpHR3.0-EYFP, and pAAV-
CaMKII ::EYFP (Tye et al., 2011) were packaged as AAV serotype 2 virus
(titers: 1.0 - 6.0  1012). Mice were anesthetized with isoflurane, received 0.1
mg/kg Temgesic (RB Pharmaceuticals) and were mounted in a stereotactic
frame. Microinjection glass needles were inserted into the vmPFC [2.2
mm AP;0.4 mm ML;3.0 mm DV; relative to bregma], and 0.5 l of virus
was infused over 5 min followed by an additional 5 min to allow diffusion of
the virus. Next, an optical fiber [105 m core for channelrhodopsin-2
(ChR2) experiments, 200 m core for halorhodopsin (eNpHR3.0) experi-
ments (Sparta et al., 2012)] was chronically implanted directly above the
vmPFC (2.6 mm DV; relative to bregma). In eNpHR3.0 and respective
control mice, virus was bilaterally infused in the vmPFC and a single optic
fiber was implanted between both vmPFC hemispheres (Goshen et al.,
2011). Optical fibers were fixed to the skull using Simplex Rapid dental
cement (Kemdent) and covered with a protective cap until use. Mice re-
mained in their home-cage for 3–5 weeks until the start of experiments.
CPP apparatus and paradigm. Conditioning took place in a custom-
made CPP apparatus that consisted of three compartments with the two
outer compartments differing in visual and tactile cues. Place condition-
ing proceeded in the following three sequential phases: preconditioning
test, conditioning, and postconditioning tests. First, baseline preferences
were determined in the preconditioning test by allowing the mice free
access to all compartments of the CPP apparatus for 10 min. The drug-
paired and saline-paired compartments were randomized and counter-
balanced across all groups to allow an unbiased CPP procedure.
Conditioning sessions were conducted twice daily for 3 subsequent days,
with a minimum of 5 h between conditioning sessions. For each condi-
tioning session, mice were confined to one of the two compartments for
15 min immediately following administration of saline (morning, intra-
peritoneally) or cocaine (afternoon; 15 mg/kg, i.p.). Place preference was
assessed in postconditioning tests by allowing the mice free access to all
compartments for 5 min under drug-free conditions. Time spent in each
compartment was measured with a video camera that was interfaced to a
computer equipped with Ethovision video-tracking software (Noldus).
During each postconditioning test, mice were connected to an optic fiber
patch cable coupled to a steady-state laser (Shanghai Laser and Optics
Century Company). ChR2 was activated using a 473 nm laser with the
following parameters: 3 mW, 10 ms pulse, train of 5 pulses at 20 Hz each
second for 5 min. Activation of pyramidal cells was always performed in
trains of 5 pulses at 20 Hz, as we found that continuous stimulation at 20
Hz induced seizure-like behavior in some animals. Optic activation of
eNpHR3.0 was performed using a 532 nm laser, 10 mW, continuous
stimulation over 5 min. To minimize stray light in the CPP box, optic
fiber patch cables were covered with black furcation tubing (Precision
Fiber Products) and the head fiber-patch cable connection was shielded
with a black plastic tube. CaMKII::Cre mice infused with Cre-inducible
opsin virus were used for experiments in Figures 3 and 5A. Due to prob-
lems with the breeding of CaMKII::Cre mice, wild-type mice infused
with CaMKII promoter-driven opsin virus (Goshen et al., 2011; Stuber
et al., 2011) were used in all other experiments.
In graphs, preference scores reflect the time spent in the cocaine-
paired compartment minus time spent in the saline-paired compart-
ment. For statistical analyses, data were subjected to a repeated-measures
ANOVA to detect interactions between group, effect of optic stimula-
tion, and effect of time-point of CPP tests. In case of significant
interactions, CPP scores were subjected to Student’s t tests to detect
between-group differences for each test.
Whole-cell recordings. Mice were decapitated and brains quickly re-
moved and immersed in ice-cold, modified ACSF containing the follow-
ing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 1 CaCl2, 26
NaHCO3, and 10 glucose, pH 7.3–7.4 when bubbled with 95% O2–5%
CO2. Next, coronal PFC slices (300 m) were made and immediately
placed in an incubation chamber filled with normal ACSF. Slices were
stabilized at room temperature in the same solution for at least 60 min
before they were transferred to the recording chamber. The recording
chamber was superfused at a flow rate of 2 ml/min with normal ACSF.
Whole-cell voltage and current-clamp recordings of pyramidal cells were
made using a Multiclamp 200 B amplifier. Patch electrodes (3.0 –5.0
M) were backfilled with internal solution containing the following (in
mM): K-gluconate 120, NaCl 10, HEPES 10, EGTA 0.2, MgATP 4.5,
NaGTP 0.3, and Na-phosphocreatine 14, and the pH was adjusted to
7.2–7.4 using KOH. Cells were visualized using infrared differential in-
terference contrast and viral expression was identified using fluorescence
microscopy. For optical stimulation, an optic fiber was placed within 50
m from the recording electrode. Cells were voltage clamped at 70 mV
to test the presence of the ChR2-mediated excitatory currents and to
determine spike fidelity. To determine eNpHR3.0-mediated currents,
cells were voltage clamped at 70 mV. Next, cells were depolarized to
55 mV to assess whether eNpHR3.0 activation decreased firing prob-
ability of pyramidal cells. All data were filtered at 3 kHz, digitized, and
collected using pClamp10 software (Molecular Devices).
Immunohistochemistry. Mice were transcardially perfused with ice-
cold PBS pH 7.4 followed 4% paraformaldehyde (PFA) in PBS, pH 7.4.
Brains were postfixed in 4% PFA overnight and immersed in 30% su-
crose in PBS, pH 7.4, for 3– 4 d. Brains were sliced coronal (35 m) on a
cryostat and stored in PBS with 0.02% NaN3 at 4°C until further use.
Immunofluorescence staining was performed using standard protocols
(Van den Oever et al., 2010b) using the following primary antibodies:
rabbit anti-Fos (1:5000; Millipore), mouse anti-CaMKII (1:400; Thermo
Scientific), mouse anti-GAD67 (1:1000; Millipore), and Neurotrace 530/
615 Red. Brain slices were analyzed by confocal microscopy (LSM 510,
Zeiss). For quantification of Fos  cells in vmPFC and dmPFC, z-stacks
were generated of four brain sections per mouse.
Results
ChR2 expression and optic stimulation of pyramidal
cell firing
We first assessed the effect of increasing vmPFC pyramidal cell
activity during expression of conditioned cocaine memory. To
allow the selective activation of pyramidal cells, we unilaterally
micro-injected Cre-inducible AAV2 virus encoding ChR2 fused
to enhanced yellow fluorescent protein (EYFP) in the vmPFC of
CaMKII::Cre mice. Using these vectors, opsin expression can be
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targeted to cells expressing Cre-recombinase under control of a
cell type-specific promoter region with great specificity and min-
imal leakage to other cell types (Tsai et al., 2009; van Zessen et al.,
2012). Histological analysis showed that ChR2-EYFP expression
was predominantly restricted to neurons of the infralimbic cor-
tex, with some expression in neurons of the ventral prelimbic
cortex and dorsal peduncular cortex (Fig. 1A). As the dorsal pe-
duncular cortex contributes in a similar manner as the infralim-
bic cortex to the extinction of cocaine seeking (LaLumiere et al.,
2012), we included mice with ChR2 expression in this region in
all analyses. ChR2-EYFP was localized in fiber tracts projecting
via the forceps minor corpus callosum to the dorsal mPFC and
nucleus accumbens (Fig. 1B), confirming that ChR2-EYFP was
indeed expressed in the excitatory pyramidal cells previously de-
scribed to innervate these regions (Heidbreder and Groenewe-
gen, 2003; Voorn et al., 2004). To determine whether viral
expression was absent in GABAergic interneurons, we infused
Cre-inducible EYFP control virus in the vmPFC of CaMKII-cre
mice (individual cell bodies were difficult to identify with ChR2
virus). We did not observe colocalization between EYFP cells
and GAD67 neurons (0.0%; n  5 mice) in the vmPFC (see also
Fig. 1C), indicating that viral expression did not occur in GABAe-
rgic interneurons and was restricted to putative pyramidal cells.
Next, we determined whether ChR2 was expressed at levels
that would allow optic activation of pyramidal cells with pulses of
blue light (473 nm). Whole-cell record-
ings from visually identified ChR2-EYFP
expressing vmPFC pyramidal cells in
acute brain slices showed that light pulses
(10 ms pulse, train of 5 pulses at 20 Hz
each second for a total of 5 min) reliably
induced inward currents and spike firing
time-locked to the light pulses (Fig. 1D).
Using this optic stimulation protocol, we
found minimal loss of spike fidelity with
light frequencies up to 50 Hz (Fig. 1E).
Together, these findings demonstrate that
optic stimulation induced sustained firing
of pyramidal cells at frequencies that have
previously been observed in vivo (Sun et
al., 2011).
Optic activation of vmPFC pyramidal
cells in vivo
To enable optic stimulation in awake, be-
having animals, we unilaterally expressed
ChR2-EYFP or EYFP only (control) in
vmPFC pyramidal cells and equipped
mice with a chronic optic fiber implant
directly above the vmPFC. First, we deter-
mined whether in vivo optic stimulation
selectively increased neuronal activity in
the vmPFC, but not dmPFC (dorsal pre-
limbic cortex/anterior cingulate cortex),
as these regions are thought to be differ-
entially involved in conditioned cocaine
seeking (Peters et al., 2009; Van den Oever
et al., 2010a). Mice were allowed to re-
cover from surgery for 4 weeks and then
received optic stimulation in their home
cage for 3 min [3 mW, 20 Hz in a train of
5 pulses each second (same parameters as
above)]. We used 20 Hz stimulation as it
was previously found that mPFC pyramidal cells fire with this
frequency during recall of morphine-conditioned place prefer-
ence memory (Sun et al., 2011) and 20 Hz optogenetic stimula-
tion of pyramidal cells in various brain regions has been shown to
produce behaviorally relevant effects (Johansen et al., 2010; Stu-
ber et al., 2011). Animals were perfused 90 min after the start of
stimulation and brain sections were immunostained for Fos, a
widely used marker for recent neuronal activity (Reijmers et al.,
2007; Koya et al., 2009b; Fig. 2). ANOVA including the factors
brain region and groups revealed a significant brain region and
brain region  group interaction (F(1,8)  36.8, p 	 0.001). Optic
stimulation induced a significant (t(2)  12.8 p  0.001) in-
crease in the number of Fos-expressing cells in the vmPFC of
ChR2 mice compared with control mice, but not in the dmPFC
(t(2)  0.74, p  0.51). This indicates that using our optic stim-
ulation conditions, we selectively activated pyramidal cells in the
vmPFC.
Activation of pyramidal cells during expressing of recent and
remote conditioned-cocaine memory
Using an unbiased conditioned place preference (CPP) paradigm,
CaMKII::Cre mice expressing ChR2 or EYFP (control) in the
vmPFC were trained to associate one of two different contexts with
the rewarding effects of cocaine. We determined whether vmPFC
pyramidal cells are involved in the expression of conditioned
Figure 1. ChR2 expression and optic stimulation of vmPFC pyramidal cells. A, Representative Nissl (red) stained image of a
coronal brain slice with ChR2-EYFP expression (green) in the vmPFC. White arrows indicate projection targets of ChR2-EYFP-
expressing cells. fmi, Forceps minor of the corpus callosum. B, Magnification of dashed boxed area in A, showing bundles of axonal
fibers projecting from vmPFC pyramidal cells into the forceps minor corpus callosum. C, EYFP  cells (green; white arrows) did not
colocalize with GAD67  GABAergic interneurons (blue; red arrows). D, Acute brain slice recording of a ChR2  and control (EYFP
only) pyramidal cell. Pulses of blue light evoked robust inward currents and spike firing in ChR2  cells, but not control cells. Traces
(1 s) are an overlay of 300 consecutive recordings (over 5 min) of a single cell. E, Average spike fidelity in current-clamped
ChR2-EYFP  cells (n  5) with increasing pulse frequencies. Data represent mean  SEM.
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cocaine-seeking at two time-points: (1) at
days 1 and 2 after conditioning (recent
memory) and (2) at days 21 and 22 after
conditioning (remote memory). Prefer-
ence for the cocaine-associated context was
determined in the presence of optic stimu-
lation (see parameters above) of vmPFC py-
ramidal cells (days 1 and 21) and in the
absence of it (days 2 and 22; Fig. 3A). Tests
were performed for a duration of 5 min
to minimize the induction of extinction
mechanisms. A split-plot repeated-
measures ANOVA with within-subject
factors “light” (on vs off) and “time-
point” (recent vs remote) and between-
subject factor “group” (ChR2 vs EYFP)
revealed a significant light  time-point
(F(1,12)  9.05, p  0.011) and light 
time-point  group interaction (F(1,12) 
5.14, p  0.043), but no significant effect
for group, light or group  light. Addi-
tional analyses demonstrated that prefer-
ence scores differed between groups at
Test 4 only (t(12)  3.94, p  0.004). Thus,
activation of pyramidal cells had no effect
on the expression of conditioned cocaine
seeking at the recent memory time-point
and no acute effect during the remote
“light on” test, but subsequently impaired expression of CPP
memory during the remote “light off” test. Importantly,
repeated-measures analysis of locomotor activity during CPP
tests revealed a significant effect of light (F(1,12)  34.1; p 	
0.001), but no group, group  light, or group  light  time-
point effect, indicating that activation of pyramidal cells did not
impair motor performance.
The observed reduction in expression of conditioned cocaine
memory at the remote light off test may have been the result of
repeated testing and optic stimulation at the recent and remote
memory time-points. To determine whether the effect was spe-
cific for the remote CPP memory time-point, we assessed the
effect of activating pyramidal cells at this time-point only. For this
experiment and all other experiments shown in Figure 4, we used
wild-type mice infused with CaMKII promoter-driven ChR2
and EYFP viral constructs (see Materials and Methods). First, we
determined whether this approach also resulted in viral expres-
sion in pyramidal cells by examining coexpression with GAD67
(Fig. 4A). We found minimal colocalization of GAD67 within the
EYFP cell population (5.6%), indicating that the large majority
(94.4%) of EYFP neurons were putative pyramidal cells. As
vmPFC GABAergic cells are local interneurons and pyramidal
cells send excitatory output to other brain regions, optic activa-
tion of pyramidal cells should result in activation of neurons in
downstream target regions of the vmPFC. To confirm that we
indeed activate pyramidal cells in vivo using this approach, we
optically stimulated mice in their home-cage (similar to above)
and analyzed Fos expression in two primary target areas of the
vmPFC, the medial region of the nucleus accumbens core and
shell (Voorn et al., 2004). ANOVA including the factors brain
area and group only revealed a significant effect of group (F(1,22) 
10.28, p  0.004), with ChR2 mice exhibiting a significant in-
crease in the number of Fos-expressing cells within the nucleus
accumbens core (t(11)  2.53, p  0.028) and a strong trend in the
shell (t(11)  2.15, p  0.054). Hence, similar to the Cre-inducible
opsin viruses, we primarily target pyramidal cells using the
CaMKII promoter-driven virus approach, and optic stimulation
resulted in increased output from these cells to downstream pro-
jection regions. Next, we trained a group of ChR2 and control
mice and assessed the effect of optic stimulation of pyramidal
cells in two light on/light off trials at the remote CPP memory
time-point (days 24 –27 after conditioning; Fig. 4C). Repeated-
measures ANOVA revealed a significant light (F(1,17)  7.43,
p  0.014), trial (F(1,17)  15.1, p  0.001), and light  group
interaction (F(1,17)  5.08, p  0.038), but no significant light 
trial  group interaction, indicating that activation of pyramidal
cells reduced expression of conditioned cocaine memory in the
ChR2 group in both trials. Moreover, both groups showed re-
duced preference for the cocaine-associated context in Trial 2
Figure 2. In vivo optic stimulation induced neuronal activity in the vmPFC. Mice received optic stimulation in their home-cage.
Quantification of the number of Fos  cells (red) in each group revealed a significant increase in Fos activity in the vmPFC, but not
dmPFC. *p  0.001. ChR2, n  3; EYFP, n  3. All data are mean  SEM.
Figure 3. Activation of pyramidal cells facilitated extinction of remote CPP memory. Activa-
tion of pyramidal cells did not affect expression of recent cocaine CPP memory (Test 1  2) and
had no acute effect on recall of remote CPP memory (Test 3), but remote CPP memory was
abolished when ChR2 mice were subsequently tested without optic stimulation of pyramidal
cells (Test 4). *p  0.004 compared with control group. ChR2, n  8; EYFP, n  6 mice.
18228 • J. Neurosci., November 13, 2013 • 33(46):18225–18233 Van den Oever et al. • vmPFC Pyramidal Cells Control Cocaine Memory
compared with Trial 1, but activation of pyramidal cells com-
pletely abolished preference in the ChR2 group. Similar to the
first CPP experiment (Fig. 3A), we found that optic stimulation
did not acutely reduce conditioned cocaine seeking during the
light on tests (Test 1 and Test 3: p 
 0.05 compared with EYFP
group), but impaired the expression of CPP memory the follow-
ing days compared with control mice (Test 2: t(17)  2.26, p 
0.037; Test 4: t(17)  2.62, p  0.018). This confirms that increased
pyramidal cell activity attenuated cocaine CPP memory specifically
at the remote time-point and that the CaMKII::Cre mice and
CaMKII-driven promoter virus approach
produced the same behavioral effect. Al-
though in Test 4 ChR2 mice did not have a
significant preference for the saline-
paired context (t(8)  1.29, p  0.232), the
data suggest that these mice may have de-
veloped an aversion for the cocaine con-
text due to prior activation of vmPFC
pyramidal cells. To determine whether
this is true, we reassessed preference
scores on day 28 (Test 5) without optical
stimulation. Again, ChR2 mice did not
show a significant preference for the saline
context (t(8)  0.97, p  0.357) and no
longer differed from the control group
(t(17)  1.53, p  0.143), suggesting that
the animals did not develop an aversion
for the cocaine-associated context.
The above experiments demonstrate
that unilateral activation of vmPFC pyra-
midal cells was sufficient to attenuate re-
mote cocaine CPP memory. To determine
whether the lack of effect on recent CPP
memory was due to activation of an insuf-
ficient number of vmPFC pyramidal cells,
we bilaterally injected ChR2 and control
virus in the vmPFC and studied the effect
of optic activation on day 1 (light on) and
2 (light off) after conditioning (Fig. 4D).
We found no significant group, light, or
group  light interaction (F(1,14)  0.654,
p  0.432), showing that similar to unilat-
eral activation, bilateral activation of
vmPFC pyramidal cells did not affect re-
cent cocaine CPP memory.
We speculated that increased pyrami-
dal cell firing during the remote light on
test (Figs. 3, 4C) may have facilitated the
formation of an inhibitory extinction
memory, thereby suppressing condi-
tioned cocaine seeking the subsequent
day. However, optic activation of vmPFC
pyramidal cells during Test 1 may also
have disrupted reconsolidation of the co-
caine contextual memory. Upon initial
memory retrieval, memories are thought
to enter a labile state and need to be recon-
solidated into a stabile memory for subse-
quent memory retrieval (Nader et al.,
2000). Previous studies indicate that re-
consolidation of conditioned fear and
CPP memory is sensitive to disruption
when interventions are performed 1 h af-
ter retrieval (Monfils et al., 2009; Xue et al., 2012). We set out to
determine whether pyramidal cell activation affected reconsoli-
dation mechanisms by stimulating these cells 1 h after the first
remote CPP test. To test this, we trained ChR2 and control mice
and reactivated their cocaine CPP memory in the absence of optic
stimulation at day 24 after training (Fig. 4E). One hour after the
CPP test, we optically activated vmPFC pyramidal cells for 5 min
while mice remained in their home-cage. The next day, we reas-
sessed cocaine CPP memory in the absence of light stimulation.
Statistical analysis revealed no group, test, or group  test inter-
Figure 4. Activation of pyramidal cells specifically attenuated remote CPP memory, without affecting memory reconsolidation.
A, In wild-type mice infused with AAV-CaMKII::EYFP virus, minimal colocalization of GAD67  GABAergic interneurons within the
EYFP  cell population (5.6%) was observed. B, Left, Example of Fos expression in the Nucleus accumbens after ChR2 mice received
optic stimulation in their home-cage. Green structures represent ChR2  projection fibers. aca, Anterior commissure anterior part.
Right, Optic activation of vmPFC pyramidal cells increased the number of Fos  cells in the medial region of the nucleus accumbens
*p  0.028, #p  0.054. ChR2, n  7, EYFP, n  6. C, In mice that were only tested for remote CPP memory, we confirmed that
pyramidal cell activation did not have an acute effect on CPP memory (Test 1  3), but impaired memory expression the following
day (Test 2  4). *p 	 0.05 compared with control group. ChR2, n  10; EYFP, n  9. D, Similar to unilateral ChR2 expression,
mice with bilateral expression of ChR2 and EYFP did not differ in expression of recent CPP memory. ChR2, n  8; EYFP, n  8. E,
Optic stimulation of mice in their home-cage 1 h after remote CPP memory retrieval (Test 1) did not affect preference for the
cocaine-associated context the following day (Test 2). ChR2, n  8; EYFP, n  7. All graphs represent mean  SEM.
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action (F(1,13)  0.88; p  0.772). This
experiment indicates that pyramidal cell
activation did not suppress expression of
remote-conditioned cocaine memory by
altering memory reconsolidation mecha-
nisms, but most likely by facilitating ex-
tinction upon non-reinforced exposure to
the cocaine-associated context.
Optic inhibition of pyramidal cell firing
We bilaterally expressed eNpHR3.0 fused
to EYFP in vmPFC pyramidal cells to en-
able sustained cell-selective optic inhibi-
tion of spiking activity (Zhang et al., 2007;
Goshen et al., 2011). In acute brain slices
of CaMKII-Cre mice infused with Cre-
inducible eNpHR3.0 virus, we confirmed
that a pulse of green light (532 nm, 10
mW, 0.5 s pulse) induced a time-locked
outward current in eNpHR3.0-expressing
pyramidal cells (Fig. 5A) when cells were
voltage clamped at 70 V. Moreover,
when we depolarized cells (55 mV) to
evoke trains of action potentials, green
light pulses reliably prevented spike firing
(Fig. 5B,C, t(3)  10.1, p  0.002), thereby
providing an efficient tool to silence pyra-
midal cells during recall of cocaine-CPP
memory.
Inhibition of pyramidal cells during
expression of
conditioned-cocaine memory
Mice were infused with eNpHR3.0-EYFP
or EYFP control virus and trained for
cocaine-CPP. Similar to the CPP experi-
ment described above, we tested all mice
in the presence and absence of optic stim-
ulation, but independent groups of mice
were used to assess the effect of inhibition
on recent (CaMKII-Cre mice with Cre in-
ducible virus) and remote (wild-type mice
with CaMKII promoter-driven virus)
memory time-points (Fig. 5D,E). Al-
though both groups showed a significant
place preference at the recent CPP mem-
ory tests, repeated-measures ANOVA re-
vealed a significant light  group
interaction (F(1,22)  10.1; p  0.004). Ad-
ditional analysis demonstrated a signifi-
cant difference between eNphR3.0 and
control group at Test 1 (t(22)  2.45, p 
0.025), but not at Test 2 (t(22)  1.18, p  0.249). Hence, the
suppressive effect of pyramidal cell inhibition in Test 1 was com-
pletely reversible. Similar to the ChR2 experiments, locomotor
activity did not differ between groups during both tests (light 
group: F(1,22)  0.89, p  0.355). In contrast, at 24 d after
training, inhibition of pyramidal cell activity had no effect on
preference scores (group  light interaction: F(1,14)  0.004.;
p  0.953). Thus, firing of vmPFC pyramidal cells supported
expression of recent, but not remote, cocaine CPP memory. To
determine whether pyramidal cell activity is required for the for-
mation of extinction memory after prolonged abstinence, we ex-
posed groups of the remote CPP tests to an additional extinction
training and test protocol. Mice with preference scores 	30 s at
Test 2 (n  3) were excluded from further testing as extinction
had already occurred in these animals. During extinction training
on day 26, we inhibited pyramidal cell activity while mice were
confined to the previously saline-paired and cocaine-paired con-
texts (5 min per context, light on in both contexts) in the absence
of cocaine reinforcement. The next day, mice were tested for
cocaine-CPP memory in the absence of light stimulation to de-
termine whether they had acquired an extinction memory (Fig.
5F). A repeated-measures ANOVA with within factor test (Test 2
Figure 5. Inhibition of pyramidal cells impaired recall of recent CPP memory and blocked extinction learning. A, eNpHR3.0 expression
in the vmPFC. B, Acute brain slice recordings of eNpHR3.0-expressing pyramidal cells. In a voltage-clamped eNpHR3.0  cell, a pulse (0.5 s)
of green light induced a time-locked outward current that restored to baseline at the end of the pulse. C, Cells (n4) were depolarized to
55 mV to evoke spike firing. Action potentials were reliably blocked in the presence of green light pulses (1 s). Graph displays mean spike
frequencies SEM during light on and off epochs. *p  0.002 compared with light off. D, Optic silencing of pyramidal cells acutely
attenuated expression of recent CPP memory (Test 1) in a reversible manner. *p0.025 compared with control group. eNpHR3.0, n13;
EYFP, n11. E, Remote CPP memory was unaffected by inhibition of pyramidal cells. eNpHR3.0, n8; EYFP, n8. F, Extinction training
in the presence of optic stimulation abolished CPP memory in control mice, whereas CPP levels were unaffected in eNpHR3.0 mice.
eNpHR3.0, n6; EYFP, n7. G, Within-session analysis of CPP scores demonstrated that eNpHR3.0 mice had robust place preference at
the start of the extinction test, whereas control mice showed no preference for the cocaine context. *p  0.020 compared with control
group. All graphs show mean  SEM.
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vs ext. test) and between factor group revealed a significant effect
of test (F(1,11)  23.6, p  0.001) and a trend for test  group
interaction (F(1,11)  3.24, p  0.099). Notably, control mice no
longer showed a preference for the cocaine-associated context
compared with the saline context (t(5)  0.28, p  0.790),
whereas eNpHR3.0 mice, in which vmPFC pyramidal cell activity
was inhibited during extinction training, still had a significant
preference for the cocaine context (t(5)  4.23, p  0.008).
When we examined CPP scores of the extinction test in bins of
100 s (Fig. 5G), a significant time-bin  group interaction (F(1,11) 
4.95, p  0.032) was observed. Additional analysis revealed that
CPP scores between groups differed significantly (t(11)  2.94,
p  0.020) for the first 100 s of the test only, indicating that at the
start of the extinction test, eNPHR3.0 mice showed robust pref-
erence for the cocaine context, whereas place preference was absent
in control mice. Moreover, it shows that eNpHR3.0 mice were still
capable of extinction learning as their CPP scores declined during
the last 200 s of the extinction test. Thus, inhibition of pyramidal cells
did not affect recall of remote CPP memory, but prevented extinc-
tion learning and subsequent suppression of conditioned cocaine
seeking.
Discussion
Using an optogenetics approach, we provide causal evidence for a
temporal dynamic role of vmPFC pyramidal cells in expression of
a cocaine-associated memory. Activity of these cells is required
for recall of a recently acquired cocaine memory, but following
prolonged abstinence from cocaine exposure, the same cellular
subtype contributes to extinction of conditioned cocaine seeking.
Together, our data indicate that reorganization of the circuitry
that controls expression of cocaine-associated memory underlies
the differential behavioral responses to optic modulation of
vmPFC pyramidal cell activity.
The large majority of neurons within the vmPFC region are
glutamatergic pyramidal cells and these neurons are thought to
have an important function in conditioned drug seeking (Kalivas
et al., 2005; Van den Oever et al., 2012). One might expect that
increasing and decreasing the activity of these neurons would
have opposing behavioral consequences. We did not observe this
effect when optically activating and silencing vmPFC pyramidal
cells during tests for conditioned cocaine memory. Instead, we
show that both activation and inhibition of pyramidal cells could
suppress expression of cocaine CPP memory, but that the effect
depended on whether cocaine memory was examined during
early withdrawal or after a protracted drug-free period. Previ-
ously, Koya et al. (2009a) found that pharmacological inactiva-
tion of the vmPFC reduces cue-induced cocaine seeking,
suggesting that firing of neurons within the vmPFC is required to
recall a conditioned cocaine memory. Our data supports this role
of the vmPFC and demonstrates that this behavior depends on
the activity of pyramidal cells in the vmPFC. However, we found
that activity of these cells was required for the expression of re-
cent, but not remote cocaine memory, whereas Koya et al.
(2009a) showed that inactivation of the vmPFC impaired the
expression of cocaine seeking at a remote time-point (30 d after
cocaine self-administration). The discrepancy between these
findings may be explained by differences in cell specificity and/or
temporal resolution of the intervention approaches (Goshen et
al., 2011). Alternatively, it might be due to differences in the
strength of the conditioned cocaine memory; our study and that
of Koya et al. (2009a) differed in the method of cocaine admin-
istration (experimenter vs self-administration, respectively) and
the number of cocaine-cue pairings during training (3  15 min
sessions in our protocol vs 10  6 h sessions, respectively). Pos-
sibly, the requirement of pyramidal cell firing for recall of
conditioned-cocaine memory is time-dependent and a function
of the strength of the acquisition (learning) of this memory.
Several studies have implicated the vmPFC in the acquisition
of an extinction memory that can suppress conditioned cocaine
seeking (LaLumiere et al., 2010; LaLumiere et al., 2012) and con-
ditioned fear responses (Milad and Quirk, 2002; Santini et al.,
2008). In line with these observations, we found that increased
firing of pyramidal cells in the vmPFC was sufficient to extinguish
conditioned cocaine seeking after prolonged abstinence and in-
hibition of pyramidal cells blocked extinction learning. Interest-
ingly, optical excitation of pyramidal cells had no (significant)
acute effect on the expression of CPP memory, but impaired
recall the following day. As we found that optic stimulation did
not affect reconsolidation of the cocaine CPP memory, our data
hints to facilitated formation of an extinction memory-trace.
This conclusion is corroborated by our observation that vmPFC
pyramidal cell activity was required for the formation of an ex-
tinction memory. The optical excitation of pyramidal cells in the
vmPFC may have changed the strength of connections with target
neurons, for instance in the nucleus accumbens shell (Peters et
al., 2008a; Pascoli et al., 2012), thereby strengthening the forma-
tion of a new memory trace that signals that the cocaine-
associated environment is no longer paired with cocaine reward.
Although activation of pyramidal cells at the recent memory
time-point was ineffective in extinguishing conditioned cocaine
seeking, it does not rule out the possibility that recent cocaine
CPP memory cannot be extinguished. Rather, it suggests that the
remote CPP memory was more susceptible to extinction induced
by optical stimulation of vmPFC pyramidal cells, potentially
caused by reorganization of the circuitry that controls expression
of conditioned cocaine memory. We speculate that this reorga-
nization may have recruited projection targets of vmPFC pyra-
midal cells that were not involved in expression of the recent
cocaine CPP memory. The lack of effect of pyramidal cell activa-
tion on recent cocaine memory is in line with observations that
pharmacological manipulations that impair vmPFC function do
not affect extinction of cocaine seeking within the first days after
cocaine exposure (Peters et al., 2008b; Szalay et al., 2012). More-
over, as expression of recent, but not remote, CPP memory
depended on the firing of vmPFC pyramidal cells, optically stim-
ulating these cells with ChR2 likely activated neurons that sup-
ported conditioned cocaine seeking, thereby potentially
overruling extinction mechanisms during early abstinence. En-
dogenous activation of vmPFC pyramidal cells during recall of
recent CPP memory may also explain why optical activation did
not further enhance expression at this time-point.
How can pyramidal cells in the vmPFC contribute to recall as
well as extinction of a conditioned cocaine memory? Mounting
evidence indicates that associative memories are retrieved by only
a small proportion of cells in behaviorally relevant brain regions
(Han et al., 2007; Reijmers et al., 2007; Mattson et al., 2008; Silva
et al., 2009; Liu et al., 2012). For instance, the expression of a
heroin-associated contextual memory depends on the activity of
6% of cells in the vmPFC (Bossert et al., 2011). Assuming that
expression of cocaine-CPP memory is also controlled by only a
small proportion of neurons in the vmPFC, it is possible that the
same population mediates recall as well as extinction of this
memory. Structural remodeling of synapses on pyramidal cells
may underlie this process, as it was recently found that condition-
ing and extinction of a fear memory are associated with opposing
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effects on spine elimination and formation on the same dendritic
branch of neurons in the frontal association cortex (Lai et al.,
2012). Also, differences in firing patterns of pyramidal cells may
underlie the differential behavioral outcomes, as was previously
observed during the expression and extinction of morphine CPP
(Sun et al., 2011). Alternatively, the process of recall and extinc-
tion may be controlled by two distinct pyramidal cell populations
in the vmPFC. Apart from differences in morphology and firing
characteristics, these populations may differ in the neuronal in-
put they receive, as well as their output targets, and may thereby
have a differential effect on behavioral responding. Future studies
should point out whether recall and extinction are regulated by
the same or different pyramidal cell populations in the vmPFC.
Several methodological issues should be considered with the
interpretation of our results. First, it is possible that optic modu-
lation of pyramidal cells in the vmPFC induced an anhedonia-
like state that caused the animals to avoid the cocaine-associated
context. However, this can be ruled out because we altered activ-
ity of pyramidal cells throughout the entire CPP test, and, there-
fore, the mice also received stimulation when they spent time in
the saline-paired context. Second, differences in motor activity
also cannot account for the reduced time spent in the cocaine-
associated context, as motor activity did not differ between con-
trol and experimental groups during optic stimulation tests. We
did observe a small, but significant, increase in activity during
light on tests in all groups, but this likely reflects an arousal effect
evoked by the presence of laser-light in the CPP box or by novelty
of the test conditions. Third, stimulation-induced extinction may
have occurred specifically at the remote memory time-point be-
cause the CPP memory was weaker after prolonged abstinence.
Arguing against this option is the observation that CPP scores at
the remote test were generally higher than CPP scores at the
recent memory tests (compare Test 1 in Fig. 3 and Fig. 4C). A
time-dependent increase in responding to cocaine-associated
cues during periods of abstinence is a well described phenome-
non and often referred to as incubation of cocaine craving
(Grimm et al., 2001; Bossert et al., 2005).
Concluding remarks
Previous research established the involvement of the vmPFC in
expression of drug-seeking responses elicited by drug-associated
cues. Our data extends these reports by demonstrating that pyra-
midal cells in the vmPFC have a dual, time-dependent role in
controlling conditioned cocaine-seeking behavior, pointing to
reorganization of the circuit that mediates expression of cocaine-
associated memories over time. This is a crucial first step toward
a more detailed understanding of the role of the vmPFC circuitry
in addictive behavior. Future studies should identify the neuronal
sources of input and output targets of the vmPFC, as well as local
vmPFC circuitry adaptations that contribute to retrieval and ex-
tinction of cocaine-associated memories, with the perspective to
develop more effective treatment options that are able to sup-
press conditioned cocaine-seeking responses.
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Pascoli V, Turiault M, Lüscher C (2012) Reversal of cocaine-evoked synap-
tic potentiation resets drug-induced adaptive behaviour. Nature 481:71–
75. Medline
Peters J, LaLumiere RT, Kalivas PW (2008a) Infralimbic prefrontal cortex is
responsible for inhibiting cocaine seeking in extinguished rats. J Neurosci
28:6046 – 6053. CrossRef Medline
Peters J, Vallone J, Laurendi K, Kalivas PW (2008b) Opposing roles for the
ventral prefrontal cortex and the basolateral amygdala on the spontane-
18232 • J. Neurosci., November 13, 2013 • 33(46):18225–18233 Van den Oever et al. • vmPFC Pyramidal Cells Control Cocaine Memory
ous recovery of cocaine-seeking in rats. Psychopharmacology 197:319 –
326. CrossRef Medline
Peters J, Kalivas PW, Quirk GJ (2009) Extinction circuits for fear and addic-
tion overlap in prefrontal cortex. Learn Mem 16:279 –288. CrossRef
Medline
Reijmers LG, Perkins BL, Matsuo N, Mayford M (2007) Localization of a
stable neural correlate of associative memory. Science 317:1230 –1233.
CrossRef Medline
Rogers JL, Ghee S, See RE (2008) The neural circuitry underlying reinstate-
ment of heroin-seeking behavior in an animal model of relapse. Neuro-
science 151:579 –588. CrossRef Medline
Santini E, Quirk GJ, Porter JT (2008) Fear conditioning and extinction dif-
ferentially modify the intrinsic excitability of infralimbic neurons. J Neu-
rosci 28:4028 – 4036. CrossRef Medline
Sesack SR, Deutch AY, Roth RH, Bunney BS (1989) Topographical organi-
zation of the efferent projections of the medial prefrontal cortex in the rat:
an anterograde tract-tracing study with Phaseolus vulgaris leucoaggluti-
nin. J Comp Neurol 290:213–242. CrossRef Medline
Silva AJ, Zhou Y, Rogerson T, Shobe J, Balaji J (2009) Molecular and cellular
approaches to memory allocation in neural circuits. Science 326:391–395.
CrossRef Medline
Somogyi P, Tamás G, Lujan R, Buhl EH (1998) Salient features of synaptic
organisation in the cerebral cortex. Brain Res Brain Res Rev 26:113–135.
CrossRef Medline
Sparta DR, Stamatakis AM, Phillips JL, Hovelsø N, van Zessen R, Stuber GD
(2012) Construction of implantable optical fibers for long-term optoge-
netic manipulation of neural circuits. Nat Protoc 7:12–23. CrossRef
Medline
Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen WA, Hardjoprajitno JE,
Cho S, Tye KM, Kempadoo KA, Zhang F, Deisseroth K, Bonci A (2011)
Excitatory transmission from the amygdala to nucleus accumbens facili-
tates reward seeking. Nature 475:377–380. CrossRef Medline
Sun N, Chi N, Lauzon N, Bishop S, Tan H, Laviolette SR (2011) Acquisition,
extinction, and recall of opiate reward memory are signaled by dynamic
neuronal activity patterns in the prefrontal cortex. Cereb Cortex 21:2665–
2680. CrossRef Medline
Szalay JJ, Jordan CJ, Kantak KM (2012) Neural regulation of the time course
for cocaine-cue extinction consolidation in rats. Eur J Neurosci
Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L,
Deisseroth K (2009) Phasic firing in dopaminergic neurons is suffi-
cient for behavioral conditioning. Science 324:1080 –1084. CrossRef
Medline
Tye KM, Prakash R, Kim SY, Fenno LE, Grosenick L, Zarabi H, Thompson
KR, Gradinaru V, Ramakrishnan C, Deisseroth K (2011) Amygdala cir-
cuitry mediating reversible and bidirectional control of anxiety. Nature
471:358 –362. CrossRef Medline
Van den Oever MC, Goriounova NA, Li KW, Van der Schors RC, Binnekade
R, Schoffelmeer AN, Mansvelder HD, Smit AB, Spijker S, De Vries TJ
(2008) Prefrontal cortex AMPA receptor plasticity is crucial for cue-
induced relapse to heroin-seeking. Nat Neurosci 11:1053–1058. CrossRef
Medline
Van den Oever MC, Spijker S, Smit AB, De Vries TJ (2010a) Prefrontal
cortex plasticity mechanisms in drug seeking and relapse. Neurosci
Biobehav Rev 35:276 –284. CrossRef Medline
Van den Oever MC, Lubbers BR, Goriounova NA, Li KW, Van der Schors RC,
Loos M, Riga D, Wiskerke J, Binnekade R, Stegeman M, Schoffelmeer AN,
Mansvelder HD, Smit AB, De Vries TJ, Spijker S (2010b) Extracellular
matrix plasticity and GABAergic inhibition of prefrontal cortex pyrami-
dal cells facilitates relapse to heroin seeking. Neuropsychopharmacology
35:2120 –2133. CrossRef Medline
Van den Oever MC, Spijker S, Smit AB (2012) The synaptic pathology of
drug addiction. Adv Exp Med Biol 970:469 – 491. CrossRef Medline
van Zessen R, Phillips JL, Budygin EA, Stuber GD (2012) Activation of VTA
GABA neurons disrupts reward consumption. Neuron 73:1184 –1194.
CrossRef Medline
Voorn P, Vanderschuren LJ, Groenewegen HJ, Robbins TW, Pennartz CM
(2004) Putting a spin on the dorsal-ventral divide of the striatum. Trends
Neurosci 27:468 – 474. CrossRef Medline
Xue YX, Luo YX, Wu P, Shi HS, Xue LF, Chen C, Zhu WL, Ding ZB, Bao YP,
Shi J, Epstein DH, Shaham Y, Lu L (2012) A memory retrieval-
extinction procedure to prevent drug craving and relapse. Science 336:
241–245. CrossRef Medline
Zhang F, Aravanis AM, Adamantidis A, de Lecea L, Deisseroth K (2007)
Circuit-breakers: optical technologies for probing neural signals and sys-
tems. Nat Rev Neurosci 8:577–581. CrossRef Medline
Van den Oever et al. • vmPFC Pyramidal Cells Control Cocaine Memory J. Neurosci., November 13, 2013 • 33(46):18225–18233 • 18233
